Bacteria have devised phosphotransfer signaling mechanisms for eliciting a variety of adaptive responses to their environment. These mechanisms are collectively referred to as two-component regulatory systems. Each system generally consists of a sensor protein histidine kinase, which is anchored in the cell membrane, and a cytoplasmic response regulator, whose activity is modulated by the sensor. Most response regulators are transcription factors. In this review, we briefly introduce the established concept on bacterial two-component regulatory systems, using the Agrobacterium VirA-VirG system as an example, and give the evidence for the existence of quite similar systems in higher plants, such as the signal transduction induced by the phytohormone cytokinin. The Arabidopsis CRE1 histidine kinase and its related proteins AHK2 and AHK3 perceive cytokinins in the environment and transduce a signal, presumably through the AHP bridge components that carry the histidine-containing phosphotransfer (HPt) domain, to the ARR1 response regulator that transcriptionally activates genes immediately responsive to cytokinins. In addition, this signal transfer process appears to participate in cross-talk with signaling systems that respond to daylight and another phytohormone, ethylene, through an intracellular pool of several ARR1-like molecular species and the AHP components.
INTRODUCTION
A large proportion of the gene expression of bacteria is in response to specific environmental stimuli, e.g., Escherichia coli chemotaxis, phosphate regulation, and osmotic porin regulation, and Agrobacterium pathogenicity, which is dependent on plant phenolic compounds. In most cases, several genes are collectively controlled by a single regulatory system, thus constituting a regulon (Stock et al., 1990; Appleby et al., 1996) . Many of these regulons have common features, and their modes of regulation are termed the two-component regulatory system. This type of system consists of two signal transducers: a sensor protein histidine kinase and a response regulator (Fig. 1) . The sensor kinase is generally composed of an individual N-terminal periplasmic domain with membrane-anchored regions, and a common C-terminal transmitter domain (about 240 amino acid residues), which extends into the cytoplasm. The N-terminal domain together with the neighboring region are thought to be involved in monitoring either directly or indirectly the environmental stimulus, whereas the C-terminal domain phosphorylates its own specific histidine residue and then transfers the phosphoryl group to the cognate response regulator. The response regulator is also composed of two domains. The common N-terminal signal receiver domain (about 120 amino acid residues) contains two aspartates and one lysine residue (DDK) at invariant positions, whereby the central aspartate acquires the phosphoryl group from the phospho-histidine on the transmitter. This domain is followed by an individual output domain, which mainly has the abilities to bind DNA and to activate transcription. In some sensor kinases such as VirA ( Agrobacterium phenolic compound sensor) and ArcB ( E. coli anaerobic sensor), called the hybrid-type sensor kinase, an extra domain that resembles the DDK signal receiver domain of the cognate response regulator follows the kinase domain.
The most common and simple two-component regulaEdited by Hideo Shinagawa * Corresponding author. E-mail: atoka@molbio.kuicr.kyoto-u.ac.jp tory systems involve no additional signal transducer. However, the phosphate group is sometimes transferred through a bridge component that carries the histidinecontaining phosphotransfer (HPt) domain (e.g., Bacillus subtilis Spo0B and E. coli ArcB), which exists either alone or as a portion of the sensor kinase. Another bridge component is the polypeptide molecule that contains the DDK signal receiver domain without any obvious output domain (e.g., B. subtilis Spo0F). The signal receiver domain on hybrid-type sensor kinases might be included in this category. In any case, typical response regulators are always located at the end of the intracellular signal transduction pathway, and do not deliver a signal to the downstream components. Two-component regulatory systems are widespread in the prokaryotic world. For example, the E. coli and B. subtilis genomes both encode at least 30 different pairs of sensor kinases and response regulators, and Pseudomonas aeruginosa and photosynthetic Synechocystis encode approximately 60 and 40 pairs, respectively (http://www.genome.ad.jp/). These facts imply that the His-Asp phosphorelay mechanism is a powerful device for a wide variety of adaptive responses in bacterial cells. Although this regulatory system was initially thought to be restricted to the prokaryotic world, it should be emphasized that many instances have been uncovered in diverse eukaryotic species, including higher plants, yeast, fungi, and slime molds (Wurgler-Murphy and Saito, 1997, and references therein) .
This review focuses on the Arabidopsis His-Asp phosphorelays, which are involved in the signal transduction induced by cytokinin and other environmental stimuli. Cytokinins are a class of plant hormones that generate a variety of physiological events, including cell division, chloroplast development, and shoot formation (Mok, 1994) . Both natural and synthetic cytokinins are known. Chemically, they are either N 6 -substituted aminopurines (e.g., trans -zeatin, isopentenyladenine, kinetin, 6-benzylaminopurine) or diphenylurea derivatives (e.g., thidiazuron). Before delving into the details of these systems, we first briefly summarize the characteristics of the VirA-VirG system that controls T-DNA transfer for Agrobacterium pathogenicity, and then present recent research on two-component regulatory systems in plants.
Phosphorelay signaling from VirA to VirG in Agrobacterium in response to plant factors The hairyroot-inducing plasmids and crown-gall-inducing plasmids confer tumorigenic symptoms on a wide variety of dicotyledonous plants upon infection with their host Agrobacterium cells. Tumorigenesis by either of these plasmids is caused by the transfer of a defined DNA segment (T-DNA) from the plasmid into the plant nuclear genome and the subsequent constitutive production of phytohormones (auxin and/or cytokinin), which is directed by the T-DNA. Plasmid genes for T-DNA transfer are located in the virulence loci outside of the T-DNA ( virA to virG ). Their expression is tightly regulated as a regulon, being inducible by plant phenolic compounds, such as acetosyringone, via the VirA-VirG two-component system . The VirA protein is a hybrid-type sensor kinase. The N-terminal region is an external periplasmic domain and is flanked by two hydrophobic stretches that provide transmembrane anchors. This domain is believed to participate in the sensing of plant factors, although there is no solid evidence for direct interactions. The central cytoplasmic domain is capable of autophosphorylating His-474 upon sensing plant factors. VirA exists as a homodimer in its native configuration, probably by virtue of a leucine-zipper-like structure within the periplasmic domain, and transduces the plant signal via an intersubunit mechanism (Pan et al., 1993) . The C-terminal VirG-like domain (VGL domain) located in the cytoplasm strengthens the interaction of VirA with the VirG response regulator, thereby enhancing phosphotransfer from VirA His-474 to VirG Asp-52 .
The VirG protein binds double-stranded DNA with the specific hexameric sequence 5'-TG(A/T)AA(C/T)-3', which is called the vir box. This activity is conferred by the Cterminal half of VirG (output domain). Vir boxes are located within the inducible vir promoter region in a helical phase-specific manner, although the frequency and position of the box varies with each vir gene. The furthest upstream vir box is accompanied invariably by an additional vir box in the inverted orientation. VirG molecules first bind the inverted vir boxes, probably as dimers, within the major groove of the DNA, and co-operative binding of additional VirG molecules then occurs in a head-to-tail manner towards the downstream region along one side of the DNA helix. This process takes place regardless of the presence or absence of the vir box, Fig. 1 . Protein components involved in the two-component regulatory system. An arrow indicates phosphotransfer from a sensor protein histidine kinase to a response regulator. "H" and "D" are histidine and aspartate residues that are targeted by the phosphoryl group "P".
although the presence of downstream, phased vir boxes is likely to stimulate these reactions and to stabilize the protein-DNA complexes (Tamamoto et al., 1990) . VirG binding guides the RNA polymerase holoenzyme to the promoter from the opposite side of the DNA by a specific interaction of VirG with the enzyme, by a conformational change in the promoter region, or by a combination of these two actions, resulting in elevated transcription of the vir genes. Transcriptional activation in vitro occurs at a higher efficiency with the phosphorylated VirG than with the non-phosphorylated VirG. A current model of VirA-VirG signal transduction is illustrated in Fig.  2 . All of these reactions, except for the sensing of the plant signal by VirA, have been reproduced biochemically in vitro . The subsequent accumulation of the vir gene products in Agrobacterium cells promotes the synthesis of T-DNA, and is followed by the transfer of the T-DNA to plant cells.
A brief history of the early research on plant twocomponent regulatory systems As described in the preceding section, it was evident before 1993 that a considerable number of bacterial two-component regulatory systems functioned in adaptive responses, and that the underlying molecular mechanism involved a unique HisAsp phosphorelay. At about the same time, one of the first eukaryotic sensor histidine kinases, Sln1, was discovered in the budding yeast Saccharomyces cerevisiae (Ota and Varshavsky, 1993) . Sln1 is an osmosensor whose architecture resembles closely that of the bacterial hybrid-type kinase. Subsequently, two downstream components, Ypd1 carrying the HPt domain and the Ssk1 response regulator, were identified. Phosphorelay in this system occurs in the order: Sln1(His)
Sln1 (Asp) Ypd1(His) Ssk1(Asp) (Posas et al., 1996) . The signal receiver domain on the sensor kinase and the HPt protein each act as a bridge between the sensor histidine kinase domain and the signal receiver domain of the response regulator. The former bridge activity contrasts with that of the VGL domain of VirA, which does not seem to act as the phosphorylation target. Another interesting feature is that the Ssk1 response regulator is not located at the end of the signal flow, further modulating the downstream Hog1 MAP kinase (MAPK) cascade involved in the stress response. The underlying mechanism is not phosphorelay but protein-protein interaction. Exposure to high osmolarity leads to the inhibition of Sln1 autophosphorylation, and the resulting elevation of non-phosphorylated Ssk1 content activates the Ssk2 MAP kinase kinase kinase (MAPKKK) (Posas and Saito, 1998) . Bacterial sensor kinases are generally active under conditions that are not conducive to survival, but the opposite is true in the case of Sln1. Furthermore, the yeast genome sequence does not appear to contain any other typical two-component regulatory systems.
Concomitant with the identification of Sln1, the Arabidopsis ETR1 gene, a dominant defect of which leads to insensitivity to ethylene, was found to encode a hybridtype histidine kinase (Chang et al., 1993; see Fig. 3). Later, it was shown that the ETR1 protein actually binds to ethylene (Schaller and Bleecker, 1995) . Similar sensor kinase-like genes for ethylene responses have been identified from other plant species (Wilkinson et al., 1995) . Ethylene is a phytohormone that modulates a wide range of physiological actions, including apoptosis of leaves and flowers, fruit ripening, germination, and defense responses. Kakimoto (1996) identified the CKI1 histidine kinase gene using an activation-tagging procedure with hypocotyl explants. Overexpression of CKI1 promoted greening and shoot formation from calli in the absence of exogenous cytokinin, which is usually required for wild-type explants to generate green shoots. Therefore, the CKI1 protein was presumed to be a cytokinin sensor, although its involvement in cytokinin signaling is still uncertain. In 1996, one thus established the view that the histidine kinases participate in the first step of ethylene and possibly cytokinin signalings. However, information regarding the response regulators, which were expected to serve as partners, was not available from studies with phytohormone-insensitive mutants.
In 1996, we initiated in silico screening of higher plants for bacterial-like response regulators. We constructed a profile of the amino acids in the 23-residue region around the phosphorylation target (aspartate residue) of various bacterial response regulators, and subjected this profile to homology searching with an expression sequence tag database. We found that a considerable number of response regulator genes were distributed among the plant genomes. Furthermore, these loci encoded proteins that could be classified into two groups: the A-type proteins were relatively small molecules that seemed to consist of only a signal receiver domain and an extremely short stretch at the C-terminus, whereas the B-type proteins contained additional functional domains after the signal receiver domain (Imamura et al., 1998; Sakai et al., 1998) . Since the entire Arabidopsis genome sequence is now available (The Arabidopsis Genome Initiative, 2000), we know that Arabidopsis carries eleven genes for each of the A-type and B-type response regulators ( ARR1 to ARR22 ), eleven sensor histidine kinase genes ( AHK ), and five HPt protein genes ( AHP1 to AHP5 ). Moreover, there are five genes encoding phytochromes for light sensing ( PHYA to PHYE ), which have very weak homologies to the histidine kinases (Schneider-Poetsch et al., 1991) , and seven genes for pseudo-response regulators ( APRR ), in which the aspartate phosphorylation target is substituted by glutamate. The architectures of all these components are illustrated schematically in Fig. 3 .
Structure and biochemical characteristics of the Arabidopsis response regulators
The A-type ARR members (e.g., ARR3, ARR4, and ARR6) appear to consist only of the signal receiver domain, and their biochemical functions have scarcely been studied. On the other hand, the N-terminal signal receiver domain of B-type ARRs (e.g., ARR1, ARR2, ARR10) is followed by the acidic domain, the ARRM domain, and the glutamine/prolinerich domain (Q domain). A typical nuclear localization signal (NLS; Robbins et al., 1991) lies adjacent to the signal receiver domain, although additional NLS candidates are present in other regions. The ARRM domain faintly resembles the DNA-binding domain of the mammalian oncogene product Myb. The mammalian Myb generally consists of three repeats, each of which contains three distinctive modules that respectively center on a tryptophan residue (Ogata et al., 1992) . In contrast, ARRM contains one repeat, and the conserved tryptophan residues in the second and third modules are replaced by either alanine or isoleucine residues in the cases of ARR1 and ARR2 (Sakai et al., 1998) . ARRM binds double-stranded DNA in a sequence-specific manner in vitro , although initially this characteristic was in doubt, since ARRM has lowlevel homology to Myb. The optimal sequence for binding is 5'-(A/G)GAT(T/C)-3', and the central GAT sequence is of particular importance (Sakai et al., 2000) . It has recently been shown that the ARRM domain forms a Myb-like, helix-turn-helix, three-dimensional structure (Hosoda et al., 2002) . Eukaryotic transcription factors are rich in glutamine, proline, and acidic amino acids because these residues constitute an interface for proteinprotein interactions (Triezenberg, 1995) . Indeed, the Q domain (but not the acidic domain) has the potential for transactivation in plant cells. Therefore, B-type ARRs carry all of the functional domains that are required for transcriptional activation, as was confirmed by transient gene expression experiments. When the luciferase reporter gene ( LUC ) preceded by a promoter that included the ARRM target sequence was introduced into plant cells, LUC expression was significantly elevated by the simultaneous introduction of an ARR1 cDNA that was preceded by the cauliflower mosaic virus 35S promoter ( 35S::ARR1 ). When a truncated version of the ARR1 cDNA ( 35S::ARR1 ∆ DDK ) that lacked the signal receiver domain was used in place of the full-size version, LUC expression was elevated to a much higher level. Thus, ARR1 acts as a transcriptional activator in plant cells, and its activity appears to be masked by its own signal receiver domain. These characteristics are reminiscent of those of prokaryotic transcription factor-type response regulators, and provide the first example of bacterial-like response regulators in higher plants. Since another response regulator, ARR2, which is structurally the most similar of the B-type ARRs to ARR1, shows qualitatively the same characteristics, ARR1 and ARR2 (and perhaps most B-type ARRs, too) overlap functionally.
The ARRM domain of the B-type ARRs is a component of a large number of plant proteins (Sakai et al., 1998) , which indicates the presence of a large gene family. Although their functions are largely unknown, the Arabidopsis LHY and CCA1 proteins, both of which are implicated in circadian rhythm, and the potato transcription factor MybSt1 have the ability to bind DNA with a sequence preference that is similar to that of ARR1 (Baranowskij et al., 1994; Wang et al., 1997; Schaffer et al., 1998) . ARRM domains are sometimes called GARP domains through the incorporation of comparable domains in maize GOLDEN2 and Chlamydomonas Psr1 (Riechmann et al., 2000) .
Physiological functions of the Arabidopsis response regulators
The first observations that suggested the physiological functions of the Arabidopsis ARRs in plant cells were that the steady-state mRNA levels of almost all A-type ARRs rapidly increased upon cytokinin treatment, and that the magnitude of the increase depended on the ARR species (D'Agostino et al., 2000) . Since prokaryotic signal transducers of two-component regulatory systems are frequently upregulated as targets for transactivation, the A-type ARRs were also expected to be involved in cytokinin signaling. However, there is still no convincing evidence for the involvement of ARRs in cytokinin signaling. In contrast, it has become apparent that Btype ARRs, such as ARR1 and ARR2, are signal transducers for early responses to cytokinins (Sakai et al., 2001) , as discussed below. Transgenic plants carrying ARR1 -cDNA that was preceded by the cauliflower mosaic virus 35S promoter ( 35S::ARR1 ) appeared to be morphologically normal, except for slight differences, such as longer cotyledons and shorter roots. Transgenic plants in which 35S::ARR1 was replaced by a deletion version that lacked the signal receiver domain ( 35S::ARR1 ∆ DDK ) showed growth inhibition and disordered cell division around the apical meristem; plants expressing the transgene at a relatively low level displayed ectopic shoot formation from leaf adaxial surfaces. Since the signal receiver domain masks transactivation in the previous transient expression assay, the more severe phenotypes of the transgenic 35S::ARR1 ∆ DDK plants appear to result from constitutive transactivation by ARR1 in the absence of a signal from upstream components. Similar morphological characteristics were observed with artificially induced transgenic plants carrying 35S::ARR1 ∆ DDK::GR, in which the ARR1 function was able to be activated by the exogenous steroid hormone glucocorticoid (for full details of this chimeric system, see Aoyama and Chua, 1997) . Furthermore, transgenic 35S::ARR1 plants that were grown in the presence of appropriate concentrations of cytokinins had morphologies that were similar to transgenic 35S::ARR1∆DDK plants grown without cytokinins.
Various cytokinin chemicals gave similar phenomena, although the optimal concentration varied with the respective cytokinin species. These observations suggest that the signal receiver domain blocks transcriptional activation by ARR1, and that cytokinins relieve this negative modulation. In contrast to the transgenic 35S::ARR1 and 35S::ARR1∆DDK plants, the ARR1 knockout plant (arr1-1 mutant) shows no distinct morphological alterations, except for slightly longer roots. These morphological (qualitative) features provide no clear evidence for the involvement of ARR1 in cytokinin signaling. Thus, we used three different semiquantitative procedures to analyze the differences in cytokinin sensitivity of transgenic 35S::ARR1 plants, arr1-1 mutant plants, and wild-type plants. The methods used were measurement of (i) growth inhibition of main roots by cytokinins (morphological marker); (ii) induction by cytokinins of greening shoots from hypocotyl explants (morphological marker); and (iii) transcriptional activation by cytokinins of the A-type ARR genes (e.g., ARR6) (molecular marker). All three procedures gave parallel results regarding dependency on cytokinin concentration. Inhibition of root growth, formation of greening shoots, and induction of ARR6 transcription were most efficient in transgenic 35S::ARR1 plants, moderately efficient in wild-type plants, and poorly efficient in arr1-1 mutant plants. These results indicate differences in the cytokinin sensitivities of the three plant lines. The reduced response of arr1-1 plants to cytokinins implies that paralogs, such as ARR2, contribute in a redundant manner to sensitivity to cytokinin responses. Indeed, ARR2 shows biochemical and physiological characteristics that are comparable to those of ARR1. Similar observations have been made with mesophyll protoplasts (Hwang and Sheen, 2001) . Therefore, we conclude that the expression levels of ARR1 and its paralogous members correlate with cytokinin sensitivity, and that the activation of ARR1 occurs through the signal receiver domain. Transcriptional activation of ARR6 should be promoted directly by ARR1, since this activation occurs without de novo protein synthesis. In addition, since several A-type ARR genes behave in a similar fashion to ARR6 in transgenic 35S::ARR1 plants, cytokinin induction of all of the A-type ARR genes is probably directed by ARR1 and its paralogs. Therefore, we propose that early cytokinin signal transduction occurs in the following order: cytokinin stimulus ARR1 etc. Signal transducers that function upstream of ARR1 What upstream components are involved in the delivery of the cytokinin signal to ARR1? Based on the information accumulated from the bacterial two-component regulatory systems, it is reasonable to assume that a sensor histidine kinase is located upstream of ARR1. Approximately concomitant with the sequencing of the entire Arabidopsis genome, Kakimoto and his colleagues isolated mutants that were impaired in the generation of green calli from hypocotyl explants grown in the presence of cytokinin (Inoue et al., 2001) . Ueguchi et al. (2001) generated another mutant, in which root elongation was less inhibited by cytokinin than in wild-type plants. The causative genes were identified independently and found to be the same ( CRE1/AHK4 ). This gene codes for a hybrid-type histidine kinase, although it contains an atypical additional signal receiver-like segment (Fig. 3) . Moreover, two additional genes ( AHK2 and AHK3 ) that resemble CRE1 were found. These gene products represent the cytokinin sensors, as demonstrated by functional complementation with heterologous systems. In S. cerevisiae cells, CRE1 replaces the function of the Sln1 osmosensor only when cytokinin is present in medium, thus providing the signal cascade:
Ssk1. Similar cytokinin-dependent signals flow as follows: CRE1 (Phk1/Phk2/Phk3) Spy1
Msc4 in Schizosaccharomyces pombe osmoregulation; and CRE1 (RcsC) YojN RcsB in E. coli extracellular polysaccharide synthesis regulation. The signal flow in these systems uses the His-Asp phosphorelay, since (i) mutations in the putative phosphorylation sites, His-459 and Asp-973 at the histidine kinase and signal receiver domain, respectively, of CRE1 abolish the ability of CRE1 to complement, and (ii) the heterologous downstream components, i.e., the HPt proteins and response regulators, are absolutely required for complementation. Therefore, CRE1, as a substitute for the respective sensors, is able to deliver a signal to a non-cognate HPt component, depending on the cytokinin. Since N 6 -substituted aminopurines and diphenylurea derivatives are effective in this regard, CRE1 is a general receptor for cytokinins (Yamada et al., 2001) . It has also been found that the wooden leg mutant ( wol ), which lacks phloem and cambium cells in the roots, carries a missense mutation in the CRE1 gene. This fact implicates cytokinin in asymmetric cell division for xylem and phloem development during early embryogenesis (Mähönen et al., 2000) . The visible wol phenotype indicates the partial overlapping of CRE1, AHK2, and AHK3 in terms of functionality. ARR1 is the response regulator activated in plant cells by cytokinin, while CRE1 is the cytokinin sensor histidine kinase. The introduction of 35S::ARR1 ∆ DDK suppresses the wol phenotype (our unpublished data), implying that ARR1 is actually located downstream of CRE1 in the cytokinin signaling cascade. CRE1 transfers a cytokinin signal to ARR1 presumably through the HPt bridge component (AHPs), since (i) CRE1 is anchored at the plasma-membrane and ARR1 is always localized in the nucleus, thereby preventing any direct interaction; (ii) AHPs are able to associate directly with ARR1; and (iii) heterologous complementation by CRE1 in yeast and eubacteria requires the respective HPt component. Based on this circumstantial evidence and analogies with bacterial systems, it is reasonable to assume that the cytokinin signal flows as follows: cytokinin stimulus CRE1 phosphotransfer AHPs phosphotransfer B-type ARRs transactivation A-type ARRs and other target genes output responses (Fig. 4) . It is unclear how A-type ARRs elicit a variety of physiological responses to cytokinin, although it is possible that they compete with B-type ARRs for the phosphorelay signal from CRE1. One of the A-type ARRs, ARR4, appears to be associated with light signaling. The photoreceptor PhyB, which weakly resembles the histidine kinase, interacts specifically with ARR4, thereby stabilizing its active Pfr form (far-red light absorbing form phytochrome) and increasing sensitivity to red light (Sweere et al., 2001 ). This interaction occurs at the N-terminal region, but not in the C-terminal histidine kinase moiety of PhyB, being modulated by the phosphorylation of ARR4, as is the case with the Ssk1-Ssk2 interaction. Taking into consideration the co-operative association at the signal receiver domain of bacterial response regulator molecules and the conjoinment of the yeast Ssk1 response regulator with Ssk2 MAPKKK, the signal receiver domain appears to provide an interface for protein-protein interactions, depending on its phosphorylation state. Thus, A-type ARRs do not seem to produce direct physiological activities, such as enzymatic activities, but may exert physiological effects by modulating other protein activities. If this is the case, the identification of proteins that interact with A-type ARRs and the elucidation of their functions are crucial to the development in a better understanding of cytokinin responses. Another possibility is that the A-type ARR genes represent only a fraction of the genes that are targeted by B-type ARRs, Fig. 4 . Model of cytokinin signal transduction.
and that yet-unidentified target gene products are involved in the physiology of cytokinin responses. Assuming that transcription factor genes are among these targets, we speculate that the hierarchy of transcriptional regulation systems mirrors the kinetics of the individual physiological events induced by cytokinin. Two-component regulatory systems for ethylene, osmosis, and light signaling Ethylene is a wellknown plant hormone, whose existence was suggested a long time ago by the observation that leaf fall occurred earlier near gaslights than elsewhere. Although the physiological effects of ethylene are pleiotropic, the triple responses that appear after germination in the dark have usually been utilized to assay ethylene responses. Dark seedlings generally form "spineless sprouts", but not in the presence of ethylene. The triple responses are the morphological characteristics of (i) the inhibition of hypocotyl and root elongation, (ii) the radial swelling of hypocotyls, and (iii) persistent bending of apical hooks. Many ethylene-insensitive mutants have been isolated by screening for alterations in these attributes. Among the causative agents, the ETR1 , ETR2 , and EIN4 genes code for proteins that resemble the hybrid-type histidine kinase, whereas their two homologs ( ERS1 and ERS2 ), which were identified based on similarities with ETR1 and EIN4 , encode non-hybrid-type histidine kinases (Chang et al., 1993; Bleecker, 1999) . From the Arabidopsis genome sequence, we know that these five genes are everything encoding ethylene-related histidine kinases. Since ETR1 binds to ethylene (Schaller and Bleecker, 1995) , these kinases function as the ethylene receptor. Although the individual abolition of each of these five genes generally results in slight phenotypic changes, the simultaneous alterations in four of the five genes results in a constitutive triple-response (Hua and Meyerowitz, 1998) . Therefore, these genes overlap functionally, and their gene products, histidine kinases, negatively control the downstream pathway for ethylene responses. CTR1, which interacts directly with ETR1 and resembles Raf1 (a member of the MAPKKK family), plays a leading role in negative regulation, because CTR1 mutants show ethylene responses that are as constitutive as the quadruple sensor mutants. CTR1 appears to be activated by ETR1 in the absence of ethylene to block the downstream pathway for ethylene responses, whereas CTR1 is not activated by ETR1 in the presence of ethylene, thereby relieving the negative regulation of the ethylene responses. This regulatory process is similar to that of Sln1 in modulating Ssk2 MAPKKK through Ypd1 and Ssk1. Although the ethylene sensor is, at least structurally, the histidine kinase, no biochemical or genetic connections have been established with the downstream HPt proteins and response regulators. Neither MAPKK nor MAPK, which theoretically should be activated by CTR1, have been identified. This may mean that CTR1 controls a novel pathway that skips MAPKK and MAPK. Alternatively, multiple AHP, ARR, and MAPK elements are involved redundantly in ethylene signal transduction, and deficient mutants may be difficult to isolate. Interestingly, the functions of ARRs and AHPs in cytokinin responses have been elucidated by reverse genetics but not by orthodox genetics. Cytokinin and ethylene have roughly opposite physiological roles. Cytokinin, as a hormone for vitality, stimulates cell division, whereas ethylene provokes maturation and senescence and represents a hormone for aging and apoptosis. Thus, we believe that the cytokinin and ethylene signal transduction pathways in Arabidopsis engage in cross-talk via pools of five AHPs and eleven Btype ARRs (and possibly eleven A-type ARRs), whereby cytokinin and ethylene control the respective components in positive and negative fashions, respectively (Fig. 5) .
Among the eleven sensor histidine kinases of Arabidopsis , ATHK1 (AHK1) was initially considered to be an osmosensor, based on both its relatively high homology to the yeast osmosensor Sln1 and its potential to substitute for Sln1 in yeast cells (Urao et al., 1999) . However, definitive evidence as to the role of ATHK1 is currently lacking.
As described above, CKI1, which carries the membrane-spanning regions, and CKI2, which lacks such regions, were identified by altering cytokinin-dependence through activation tagging. Although there is no direct evidence that CKI1 and CKI2 participate in cytokinin perception, they may contribute to cytokinin sensing in certain tissues and cells, e.g., CKI1 is expressed specifically in female gametes.
In addition to these eleven sensor histidine kinases, five phytochromes (PHYA to PHYE) belong, in a broad sense, to this category. However, the histidine kinaselike structure that is located in the C-terminus of the phytochromes is considerably diverged from the typical histidine kinase, and the histidine residue that corresponds to the phosphorylation site is missing. Cyanobacteria, which are intimately related to plants, produce the Cph1 histidine kinase, which functions as a photoreceptor (Yeh et al., 1997) . Therefore, we assume that the ancestral plant phytochromes were originally histidine kinases, such as Cph1, which were converted to red-light receptors concomitant with the loss of histidine kinase activity during evolution. Nevertheless, some phytochromes appear to have retained the serine/threonine kinase activity. The fact that the cph1 gene and the cognate response regulator gene rcp1 constitute an operon is indicative of the co-evolution of photoreceptors and response regulators. As mentioned above, ARR4 specifically associates with PhyB to preserve the active form of Pfr for longer time. Light signaling acts synergistically with cytokinin to produce multifarious physiological effects, such as chloroplast development. Since the expression of ARR4 , as well as that of other A-type ARRs, is induced by cytokinin through the CRE1-ARR1 phosphorelay, it is easy to imagine that cytokinins indirectly enhance red-light signaling. Therefore, light signaling is another participant in the cross-talk that occurs between the cytokinin and ethylene signal transduction systems (Fig. 5) .
Epilogue We have presented a framework for Arabidopsis two-component regulatory systems that are involved in the transduction of signals from the plant hormones cytokinin and ethylene. With regard to cytokinin signal transduction, perception of the cytokinin signal by CRE1/AHK2/AHK3 is followed by a phosphorelay signal transfer that involves AHPs and B-type ARRs. The organization of this system, the structural characteristics of the component proteins, and their molecular activities remarkably resemble those of bacterial systems, which suggests that the His-Asp phosphorelay signal transduction system is a powerful device that is used in a variety of environmental stress responses. Meanwhile, characteristics that have not been identified in prokaryotes have been elucidated for plants. Thus, multiple B-type ARRs (probably almost all of the B-type ARRs) are involved in cytokinin signal transduction and transactivate multiple A-type ARR genes (probably all of the A-type ARRs). In prokaryotes, the histidine kinase always partners a cognate response regulator in a specific one-to-one manner, and phosphorelay swapping among multiple molecular species has rarely been seen. Furthermore, there is no equivalent in prokaryotes of ETR1, for which a partner response regulator has not been found. Although the elements of the two-component regulatory systems of plants do not differ greatly from those of bacteria, the plant systems collectively employ complex cross-talking networks to govern different adaptive responses.
